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FRICTIONAL HOT-SPOTS AND STATISTICAL CRACK MECHANICS

John K. i)ienes
Theoretical Division
Los Alamos National Labor~tory
Los Alamos, New Mexico 87545

ABSI’RACT

When propellant cylinders are fired at low speeds against a steel
plate, detonations are often observed. Since the process is not repeatable,
and shock heating is not significant, it is natural to consider the possi-
bility of detonation caused by hot spots, Several mechanisms are compared,
and it is suggested that interracial friction of closed cracks seems to be
the most likely mechanism.

INTRODUCTION

There is always a risk of structural failure in solid propellants, but
under some circumstances the failure culminates in ~ violent explosio~~.
Thus, the usual structural problems of solid propellants are exacerbated by
the possibility of additional damage from detonations. In addition, solid
propellants are sensitive to the rate of loading. In a series of experi-
ments reported by Jensen, Blommer and Brown [1], test cylinders of propel-
lants were fired against a steel target plate using a 12-gauge shotgun, and
IL was found that for impact veloci’.ies above 300 m/s reactions fell into
three categories. Above 800 m/s, violent reactions occurred shortly after
impart, which were designated as SIJT (Shock to Detonation Transition), But
below 800 m/s about 76% experienced a mild deflagration (DEF), while th~
r~maining 24% reacted violently at relatively late times after impa~’t
(WI’), with the X designating an unknown etiology. A paper by Green et.
al. [2] describes similar results icvolving larger cylinders of propellant.
impacted by steel cylinders. That work shows a systematic reductioo in
threshold velocity with increasing speed.

ln ord?r to explain the errotic character of thr detorr+~tion it seems
nat.ura] to co11si4~:r llol-tipot mechanisms a~sociated with flaws in the pro-
pellant, Thr ocrnsionaJ occurrence of flaws exceeding a critical size
would expli]in the lnck of repcntlbility, while the increasing{ number o!”
fldws with sample slzc would rxplnin the reduction in threshold velociLy
with incrctising snmplr sizr, If the ho~-spot explans~ion is to be ~’xplaitlrd
qurrutitaLivrlyt howevcr$ it is necessary to consider specific InectliitliSIllS.

Tliough exi)erimcnts arr fun{lomelltal, it. is difficult to control and observe
hot-spot bvhtivior on the scale of a few microns. Thust theoretical anolysis
of tll{*sc problems npi)t-i+rg as an intrre~t.ing ●lternative,

Four hoL-spot mcchauisrn~ seem t.o br thr mout likely can(iidatcs for
Cxplnining xI)’r ; void collapse with closing shock
flow;

; void collap~e with pln~tir
whenr hundir;g with plantir flow; and nhrar cracking with fri(:tit~n~l

henting. Thrsr mrvhanisms will be considered aeparfrtely j,fl thr rqe(tiotls
thnt follow. T!lr fri(tion~l hrmting mechaninm seems to br the lm>~t imi)or-
tant {II cormectlon with xm, anti rxplnin~ the observrd phcnomrnn, hilt hot
Rpotrr with more coml)lrx gromrtrir~ and me(’haniNmM thnn thos{’ cot~~iderrd St)



far ❑ay well be important, and better analyses could alter the conclusions
drawn here.

Continuum theories have also been proposed to describe KDT. Hydrody-
namic calculations involving rarefaction and recompaction are described
in [2], as well as flash radiographs showing low density zones. Jacobsen
and Karpp [3] describe continuum calculations using a continuum reaction
law, and support the rarefaction and recompaction ❑echanism for XDT.
Ex~lanations of s cnntinuu type, however, cannot ●xplain why only a small
fraction of idenzical shots lead to KDT, nor is ❑uch information provided
about how ❑aterial properties and flaw structure may affect propellant
sensitivity

A statistical treatment of material properties offers a number of
advantages. In the statistical crack mechanics work at Los Alan:os we con-
sider the strain rate of s solid to be the sum of strain rates associated
with continuum and flaw deformations. The method has its conceptual ori-
gins in the NAG-FRAG work at Stanford Research institute [4], but our
statistical crack mechanics algorithms differ in detail and, in particular,
do not make use of the iterative procedures implicit in the SRI formula-
tions, and thereby avoid convergence difficulties. The strain rates asso-
ciated with the opening, shear, growth and coalescence of crack are account-
ed for by sepalate constitutive theories. The result is a constitutive law
characterizing a fragmenting solid, for which details are given in the
review by Ili.enes [5], and a summary is provided at the ●nd of this paper.
For the analysis of XDT, a peak temperature at the center of a sliding
crack is computed from frictional heating, and that determines the possi-
bility of ignition [6]. The statistical charact~r of the result arises
from the fl~stribution of crack sizes, which can be used to estimate thr
maximum crack size occurring in each portion of tht= test sample.

VOID COLLAPSE WITH SHOCK HEATING

When a cylinder of propellant strikes a steel plate, a shork is prol].l-
gn~ed along its length, while a rarefaction wave propagates in from thr
surface of the cylinder hehind the shock, relcasifl~ thr pr’cssure. Still,
the pressure “:emains high in the interior for a significant timr, Nunwricul
solutions of sudh problems can bc obtainrri, providing n suitahlr drscripl iofl
of material behnv{or is known, but in this article a comparison of vnricus
heating mechanisms is made by order-of-magllitudr ar~umrnts. The shork
heati!)g can l)F estimntrd usinR au approxtmatc theory dcsr; lhrd In the
appendix. To accomplish this the compression is (umpl]trd from Lhr .;tfiII(l:Ird

(1)

WON
Ar

p“ = w , ~-(;;.-;i ,
N

(2)



where G is Gruneisen’s ration; W, a material constant on ttie order of 5;
and A is the bulk ❑odulus

(3)

In this approximate analysis the ~ffect of shear is negiected. Though
often a reasonable approximation, it is ●xtremely good for propellants,
which tend to be rubbery , and for which a typical Pois&on’a ratio is v =
0.49. (The reader is reminded that 0.3 is typic=l fcr ❑acy materials, and
0.5 denotes an incompressible material.) The specific internal energy
increment for the shocked material is

I s
=;pEVoeg ,

and the temperature rise, using the same approximation, ia given by

(
Wes ceg

)A/p. e - 1 e -1CvATs=Is-W-G —-— -
w G

.

(4)

(5)

It also follows from the appendix that for ma~.erial expanding adiabatically
behind a shock

G((3 - es)
AT = ATE e (6)

For a typical propellant p. = 2000 K,g/m3, co = 2000 m!s G ❑ 2, W = 5, and
c = 146(I J/K&. At the lower limit for XDl, u = 300 m/s, it follows that
0; = 0.13, p ❑ 1.7 GPa, 1 = 55 liJ/Kg and AT = 5.9°C, where the subscript
s dcn(~tes a ~alue behind tfle shock. This tcm~erature rise is not sufficient
to hsve any effect, At 1000 m/G, a speed aL which SD’I’ is systematically
observed, 0 = 0.33, p = 10,3 GPa, I = 958 KJ/Kg, and AT = 236°C. This
trnlrrraturesrisr is en%gh to ignite trains of HMX385P insthickn~lss , using
the Lhecry of Frank-Kamen~tskii [8] and data of Rugrrs [/]. Since propel-
]iil]Ls are shout 50% }IMX, and the binder is reactive, it is not surprising
th:ft SIIT was obsrrvcd ut this s,]ced in the sumplrs testrd by Jennings,
{~l,;jmer and Rrowll [1], whirh ar,. 17 MI ~1~ diamct~rm The cffcrt of ndiaba~ir
r~pansion to O = O is to rcduct= th~ Lemperaturc incrernrnt for tht= :ti,~ ~i}re[l
impact from 5090C Lo 4.5°C, and for th~ high tiprrd impact to reduc~: the
Lrmperaturr incrrment from 236°C to 115°C, In L!m low-spcrd case, thr
effcrl is nr~ligihlr, whilt= for the hl~h-sperd impmct the rl”fect 1s vi~ni!i-
c[ll~t if thr timr nrJJlc is of the same order &a t.hr ignition Limr. Ibis
detail depends ul~ the size of ltlc pro~ectilr And tllr sensitivity nf ttIr
Pxplmivc!s ,

If void~ exi~t in the aharr of thiu ●llipsoids, shock pre~surs will
(’J-IUEC them to CIUSF at a spred sli~h~ly ahovc the original projrctilr
speed. At closure, uhock heating trill cause a temperal.ure risr slightly
higher Lhan lhat aasoci~ted with projectile impact. At 300 11,/s, this is
still not ●nough to hr importnnt (undrr 12°C), hut ml 1000 m/5 thr Rr(’orldnry

shork will bring thr ternpcruture rime ov~r 4000C, enough to in!Lintr n
rract.ion rapidly, Adtlitiona] illformaLion on the etfe~-t 01” ~~mprraturr LIII

rrnrtion ratr~ will he mrntlonrd iII connection witlI f“rirtionnl hrntiIIg. 1II



this section the point is only to indicate that void closure is unlikely to
be responsible for XDT in the neighborhood of 300 m/s. Though under some
conditions jets may form during void collapse, the associated temperature
rise } ; probably still unimportant.

VOID COLLAPSE WITH PLASTIC FLOW

Void collapse in a solid is accompanied by energy dissipation, which
depends on material proper+.ies and void geometry. In orde~ to estimate the
associated temperature ris.~ it is convenient to assume spherical collapse
and an ideally plastic, isochoric (incompressible) material. It is straight-
forward to show that the shear strain at “,e surface of guch a void collaps-
ing from an initial radius a. to a current radius a is 43 In (aO/a). Then
the temperature rise on the surface of the void, in the absence of conduc-
tion, is

The additional closure resulting from thermal expansion is sufficient to
close the void, to a rough appoximation, when

(7)

(8)

where u is the volume coefficient .jf exp~nsion. The peak temperatui-e rise
at collapse is given, in this approximation, by the solution to the transc-
endental equation

where

(

Taking Y = 10 Ml’s , and v~lues nf G and A given above, P ~ 0,0028(J. Then
= 0.0126, arid u!ing thr value a = 0.00073 thut follows from a = Cc /c&,
follows that AT = 17°r. Thjs temperature rise is insufficient to ;esu]t

())

o
t
i n

a significant reacticln, especially when the rirnnll mass of moterifil iuvolvr(l
in typical voids is considered, A significant role for this process in XDT
i~ made still more unlikely when the effect of thermal softerling, whjch
reduces the flo’~ stress ns the temperature rises, is considered,

SHEAR BANDING

The shellr handing instability ariseri when the hrnting due to shear
~tresses reduces the s;rength of a maLerial in such a way os to iotsii! iz(*
the region in whi:h shr,aring aud hrating occur. Ttlis {*tfrrt is im~~[~rtarl[



in the high speed deformation of metals , ~nd it is of particular interest
in connection with the high speed deformation of propellants since the
heating can be enhanced by the reactivity of the material. The problem has
been studied by Frey [9] using numerical i~tegration of the heat equation
with mechanical and chemical heat sources. He does not, however, m~~ke use
of the momentum equation and, hence, does not actually represent the mechan-
ical instability. (An elegant analysis of the mechanical stability problem
has =ecently been reported by Bai [10], and it would be of interest to
extend b.is analysis to include the effect of chemical heating. ) The ap-
proach to melting as a result of shear stresses can be estimated by comput-
ing the temperature rise in time t (in the absence of a chemical contribu-
tion) from the simple relation

AT . (11)

Using previous estimates of these variables, one fiuds that in 1 ps the
-1

temperature rises 0.4°C for a strain rate of 105 s . This heating proves
small in comparison with the frictional process described in the uext
section,

FR1CTIONAL HOT SPnTS

The heating of a closed crack associated with interracial sliding can
he estimated from che solution to the one-dimensional heat flow equation

AT’ = 24 .- , (12)

where Q = p m is the surface heating due to friction, with p the coeffi-
cient of friction, u the normal stress, and v the sliding velocity. Taking
p=l,u = 1 GPa, k = 0.43 J/m/K/s, and the slidirlg velocity as 1 m/s, one
finds dT = 994°C in 1 pso The ruelting point of HMX at a pressure of one
GPa is estimated as about 480°C, assuming a slfipe for the melting curve of
200 K/GPa, typir-al of organic materinls [9], a,~d a melting point for HMX
I,:}dc,r tlormal ~o:lditions of 2800C [11], It is proposed that this very riipid

tc.,lpera:ure rise is the controlling process in XDT. At melting, the heat
removed from the cri]~k by conduction must just btilance the heat produced by
the i~lterfacial stress. Thus , it is nssumt=d that the stress state at a
crack surface is governrd by the thcrr~al ,otop.erties of the material . ‘1’11(’

material at the crack surface is, then, i, transition between thr solid ant!
liquid states.

I have calculated the time to ignition for HMX with n surfacr hrld at
480°C to be 50 ps [6] using the Arrhenius law and physical constants deter-
mined and verified by Rogers [7]. The calculation involves I.umerirll
integration of tllr Poissoil-floltzmann equation

i’ + D1’xx = ac
-Q/kT

t (13)

for a semi-infinite solid rounded by a plane held at a fixed trmprrnture,
T. Ttle calculation , which ia done impli~itely, indicates a sudden (ievelop-
mpnt of very high tcmp~jraturc when heat rondurt.ion is no longrr cal)ohlc O!
r,?moving a uignifira[lt part of the heat profluced chemically, TI1(Sflt’tll ill



pror-ss cf XII? may well be more complex than the one described here, which
invoives simple estimates of crack behavior. In reality, crack behavior is
very complex even in simple materials, and even more complications can be
expected in prope?.lants, which are heterogeneous mixtures of rather peculiar
co~stituents.

In a complete description of XDT it would be necessary to describe
both the mechanical behavior of flaws and the transient loading they are
subjected to. This is clearly difficult, since the flaws themselves influ-
ence the environment of their neighbors. An approach to this problem 1s
described by llienes [5], which involves formulating a constitutive law that
accounts for the opening, shear, growth SPA rnalescence of cracks. A
detailed discussion is beyond the scope of this paper, and only a few
salient pcints are outlined herein. The problem is to write a constitutive
law, suitable for numerical integration, that describes the main features
of a fragmenting material. In general, two lines have been adopted, whicl.
can be described as the continuum and the statistical, In the former,
phenomenological laws that are typically generalizations of visco-elastic-
plastic theory are hypothesized [12], while in tb.e latter materi~l response
is considered as a superposition of effects , including particularly the
influence of fla~s. As mentioned above, the latter approach i~ taken at
SRI [4], where correlation of numerical results with tests is emphasized;
by Kachanov [13], who has e~plored the theoretical foundations; and ill the
current work, (No effort is made here to review all the work involving
statistical approaches.) Advantages of the statistical approach are that
it can account for size and rate effectz, which are important in fragmenta-
tion [12,15], and it becom=s possible to characterize the most important
underlying physicai processes. In the application to propellant. sensitivity
this is particularly important because of :he need to account for cl~cmical
reactions involving very small dimensions.

Explicit expressions f]r the strain rates due to matrix distortion,
crack operling and crack shetr [5], each involving the product of a compli-
ance matrix and the stress rate, are superposed to o~tain the elastic
contribution, Caue must be taken in formulating the stress late to accounL

for material rctation which can influence the components of stress while
the physical state remains unaltered, A theory for carrying out the calcu-
lation valid for large deformations, described by Dienes [16], generalizes
the small deformation theory of Nell [17] and avoids a potential instability
of Nollts theory at large s~rains, In addition to these contributions to
the stress rate, which are essentially elastic in uature, there is a contri-
bution due *.o crnck growth that is essentiality nonlinear, since the growth
depends on the stress level. Growth is said to occur when the stress
exceeds a critical level, and growth for each crack orientation must b~
considered separately, It is also necessary to consider the stability of
cpen and closed cracks separately, with intcrfacial friction acting as a
stabilizing mechanism i[~ the case of closed cracks. In addition to insta-
bility, it is necessary t.o consider whether closed cracks a(e locked by
friction, and ~he dissipation ●ffect of friction if cracks are not. !.ocked,

In initial work on th{s p[oblem [15,18] the effect of interracial stresses
on stability and deformation was not adequately accounted for, but the
corrections have been made [5] and thr effect on numerical results provr~
to he sm~ll, Strain rates due to vis(osity and the ●ffects of hi~h prcssurr
are readily incorporat.cd into the form~lism.

The constitutivr relation depends strongly on the statistical distri-
butf.ot~ of flaws .~c, fl, t), w~th the dependence on c respres~nting the
effect of crack size, the dcpcndr, Q rcpretirntillg the eff(,c~ ot {’ra(k
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orientation, and the dependence on t representing the effect of crack
growth. The distribution is taken to be the sum of the distribution of
isolated cracks L?(c, Q, t) initially present in the ❑aterial, and con-
nected cracks A(c, 0, t) that have encountered enough other cracks to
terminate this growth. In initial work on this problem [19] it was assumed
?bat the rate of crack growth and the ❑ ean free path of cracks (before
encountering other cracks) are constant, but a theory has recently been
developed that accounts for variations in crack speed with stress level,
and mean free path with crack size [5].

The permeability of solids depends on the number of connected cracks,
and is independent of the isolated cracks , except insofar as they create
confusion in understanding the crack structure of actual materials. It is
important in computing the permeability of materials to account for the
effect of percolation theory [20], which makes it possible to find the
fraction of connected cracks that are isolated in the larger se~se of not
belonging to an infinite path, Current SCRAM calculation allow for a
calculation of permeability, though its reliability has still not been
established.

Calculations of a cylinder of propellant impacting a steel plate have
been carried out using the algorithms of statistical crack mechanics [6],
and we find that at 300 m/s closed cracks remain at the melting point for
just !30 ps, the time required for ignition at an ambient pressure of one
GPa . This provides encouragement that the frictional hot spot is the
mechanism underlying XDT, though more work is required before definitive
results can be claimed.

P,PPENDIX

Tht) equation of state t,f solids at high pressure has been studied
ext[.nsively at Los Alamos, and results have been published for many materi-
als, beginning with the paper of Walsh and Christian [21]. A relatively
complete summary is given by McQueen, Marsh, Taylor, Fritz, and Carter [22]
In this appendix a simplified form of the equation of state is described,
which makes possible explicit calculations of thermodynamic variab~.es, at.
the expease of accuracy. ‘The equation of state is assume’~ to have the
Mie-Gruneisen form

P

with p. the normal density,
G, assumed constant. It is
V, the inverse of p, In tl~e
form with tt,e thermodynnrnlc

‘G~oI+g(~) , (1)

p its current value, and the Gruneisen ratio,
convenient to make use of the specific volume,
thermodynamic calculations, By combining this
identity

‘+’)V=P+(;!L)T , (2)

it is possible to obtain a first. order partial differential equation for I
whose general solution has the form



where

e=vo-v ,
v~

(4)

represents the compression. If it is also assumed that the specific heat
is constant, then

I =CVT+VO e I
Ge e -Go

e g(v) de .
0

It foliows that the entropy is given by

s =So+cv ‘“(k“e) ~
A form for g(V) that leads to a particularly sim~le ~xpression for

temperature is

‘(v)=($)(Ne-1, J

where A is the bulk modulus and W is an empirical constant, Then

A we
p=GpoCvT+m(e

Gfl
-e )

;we

(
eGe

I
)

=CvT+~—L;-- G-l.
w

(5)

(6)

(7!

(8)

For a variety of materials W is about 5 and G is near 2. Taylor [23]
has measured the release temperature of copper shocked to 150 GPa, and
finds T - 135C K, the melting point, He cites data by McQueen and
Marsh [24] indicating that the melting point is just attained for a shock
pressure of 140 GPa, for which (3 = 0.3, With G = 2, W = 5.1, and the known
data, A = 139 GPa, C = 0.37 KJ/Kg, and tl = 0.3, the approximation cited
leads to a shock pre~sure of 140 GPa, a temperature rise of 2328°1i at the
shock, and an adiabatir release to 1341 K. This is in good agrrement with
Taylor’s measurement. In general, however, one should not expect accuracy
of better than 10% with this approximate theory and should not stray far
from known data. The ictent here is not to suggest an alternative to the
standard approaches, but a useful approximation.
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